Abstract Global demand for carbon nanotubes (CNTs) is increasing dramatically. As CNTs become commonplace, the range of uses is expected to expand as will the potential for release into ecosystems. Recent research suggests that CNTs display increased suspension in water in the presence of natural organic matter (NOM), thus increasing their ability for transport and dispersion. However, it remains unclear how CNT size will affect the suspension of CNTs in natural waters. Here we examine the effect of CNT diameter (10-500 nm) and CNT length (1-40 μm) in the presence of 1% sodium docecyl sulfate (SDS), and two different freshwater NOM extracts on suspension of CNTs in water. Absorbance spectrometry (UV-VIS) was used to determine CNT concentration in solutions over a 68 h period in the dark. Seventy to ninety-five percent of the CNTs settled out of the 1% SDS solution as compared to 23-54% in each of the NOM solutions. The half-life of suspension in solution increased with decreasing CNT diameter (from 13.9 to 138.8 h −1 for solutions containing NOM). These results demonstrate that settling rates are strongly determined by NOM presence in solution as well as CNT size.
Introduction
The production and use of non-functionalized multiwalled carbon nanotubes (CNTs) has reached industrial levels and is expected to increase exponentially for the foreseeable future. For example, Showa Denka of Japan manufactured 40 tonnes of CNTs in 2007 and Raymor Industries (Canada) produced 3.5 tons in 2006 (Global Industry Analysts 2007) . The market for multi-walled carbon nanotubes is estimated at US $290 million for 2006 and the global demand for CNTs is expected to exceed US $1.9 billion by 2010 (Global Industry Analysts 2007) . The use of CNTs in commercial applications is wide and varied including nano-electric devices, composite materials, and automotive parts. As CNTs become increasingly commonplace, the range of uses is expected to expand dramatically (e.g. nanocarriers for targeted drug delivery) as will the potential for release into ecosystems. Currently, only a few studies have examined CNT behavior in the environment and these have primarily been limited to atmospheric transport and toxicity through inhalation or dermal contact (Oberdorster et al. 2005; Mynard et al. 2007; Sharma et al. 2007) . However, there is growing concern about the effects of nanomaterials in aquatic ecosystems (Moore 2006) . Jia et al. (2005) found that single and multi-walled carbon nanotubes can result in cytotoxicity to aveolar macrophage after 6 h of in vitro exposure. Smith et al. (2007) found that single-walled carbon nanotubes are a respiratory toxicant in rainbow trout, causing toxic effects after 10 days exposure at concentrations ranging from 0.1-0.5 mg L −1
. Several government departments have acknowledged that the lack of aquatic toxicity data combined with a lack of research on basic properties of nanomaterials in aquatic ecosystems is the root of our current inability to perform meaningful risk assessments on this class of substances (Owen and Handy 2007) . These are fundamental research gaps which must be filled in order to assess the risk of nanomaterials to ecosystems.
Some of the fundamental properties controlling the dispersion of CNTs in freshwaters are just beginning to be explored. Hyung et al. (2007) found that CNTs displayed increased suspension in the presence of natural organic matter (NOM) in simulated freshwaters. A recent study by Hyung and Kim (2008) found that the CNT adsorption onto NOM was proportional to aromatic content. The authors also observed that adsorption increased as ionic strength increased or as pH decreased. However, it still remains unclear how the physical structure of CNTs will affect their suspension in a natural aquatic environment. This is a key variable required to assess the dispersion of CNTs in aquatic ecosystems and to provide the fundamental exposure data research required for relevant toxicological studies to take place. The research presented here aims to close this knowledge gap by examining the suspension over time of a range of CNT sizes in the presence of NOM extracted from freshwater.
Methods
Five hundred liters of water were collected from Black River, Nova Scotia (0389954E; 4987052N) on July 4, 2007 using 25 L high-density polyethylene (HDPE) containers that were pre-rinsed with deionized water. Water chemistry parameters were recorded using a Y.S.I. multiprobe sonde (temperature=20°C; specific conductivity=27 μS cm was prepared for each matrix in a glass flask. The following dilutions were prepared in 10 mL polypropylene tubes from this stock solution: 250, 50, 5, 0.5, 0.05, 0.005, and 0.0005 mg L −1 . All stock solutions and dilutions were sonicated for 5 min and stirred to achieve maximum suspension prior to measuring the absorbance between 200-800 nm using an Ultrospec 4300 Pro UV-VIS spectrophotometer. The maximum absorbance wavelength for each CNT sample was used to prepare a calibration for each CNT and matrix combination and subsequently for experimental analysis. Maximum absorbance readings commonly were obtained at either 600 or 800 nm. The error on analysis was derived from triplicate analyses at the maximum absorbance of each CNT over a range of concentrations (0.5, 5, 50, 250, and 500 mg L −1 ) in each of the three media. A mean RSD of 4.2% (standard deviation=4.7; n=116) was calculated for all analyses. All absorbance readings were blank corrected using the appropriate matrix for the sample such that absorption measurements were for suspended CNTs only. At the beginning of the experiment, each of the nine solutions (three CNTs in three matrices) were sonicated in a Branson 3510 water bath at full power for 10 min, vigorously shaken, and then allowed to settle over a 68 h period. Sub-samples were collected for absorbance analysis using a fine tipped pipette and slowly drawing solution from the center of the solution to avoid any floating particles and re-suspension of CNTs. Subsamples were taken from each solution every hour for the first 5 h and every 4 to 6 h thereafter. The subsamples were measured at the wavelength of maximum absorbance based on the absorbance scans for each CNT standard solution (generally maximums were in the visible range at approximately 600 or 800 nm). The absorbance scans and calibration curves were normalized to account for small variations in analysis sensitivity. Concentrations in solution were calculated using the appropriate calibration curve and plotted as a function of time. Each set of data was fit to an exponential decay curve using Eq. 1:
Where y is the concentration of CNTs suspended in solution (mg L −1 ); C is the initial concentration of CNTs in solution (500 mg L −1 ); and t is the settling time (h). Table 1 provides the calculated rate constants and r 2 values for each CNT and matrix combination. Halflives of CNT suspended in solution were calculated based on the fitted rate constant and the half-life equation:
In order to confirm the presence of CNTs suspended in solution and to provide a visual examination of CNT interactions with NOM, several samples were prepared on silicon wafers and imaged using a JEOL 5900LV scanning electron microscope (SEM) at the Acadia Center for Microstructural Analysis.
Results

Interactions of CNTs with NOM
A solution of 10-30 nm CNTs was suspended in Suwannee River NOM and was sub-sampled after 68 h of settling. The sub-sample was dried on a silicon wafer for scanning electron microscopy analysis to visually identify interactions between NOM and CNTs. The SEM image of the dried sample clearly shows CNTs associated with the outer surface of the dried organic matter (Fig. 1) .
The results from the settling experiment also suggest that dissolved organic matter (DOM) or particulate organic matter (POM) is key to the increased suspension of CNTs. A comparison of the CNTs in the 1% SDS solution (Fig. 2) -a commonly used surfactant for stabilizing the suspension of nanomaterials-with the CNTs in both the Suwannee River NOM and the Black River NOM solution (Figs. 3 and 4) shows that all CNTs settled more quickly in the 1% SDS solution than in either Black River or Suwannee River NOM solutions. It was found that >70% of CNTs settled out of solution after 5 h in the 1% SDS as opposed to only 17-38% in the NOM solutions (Table 1) .
Effect of CNT Diameter
Initially, in the 1% SDS solution, the smallest diameter (10-30 nm) CNTs settled out of solution much more quickly than the 80-200 nm and 240-500 nm CNTs (Fig. 2) . After approximately 5 h, ≥70-95% of all CNTs had settled from the solution with the larger CNTs remaining preferentially suspended. After 68 h, >95% of all CNTs had settled out of the 1% SDS solution (Table 1) , with half-lives for suspension being <2.5 h for all CNTs. Interestingly, the opposite trend was observed in both of the NOM solutions. All CNTs remained dispersed for a substantial period of time; however, the largest CNTs Table 1 for k values and r 2 ) settled out of solution much more quickly than the smaller CNTs (Figs. 3 and 4) . After 5 h settling, 46% and 70% of the 240-500 nm CNTs remained suspended in the SR NOM and BR NOM, respectively. While 80-200 nm CNTs had 52% and 77% and the 10-30 CNTs had 85% and 93% still suspended in solution (Table 1 ). The half-lives for the 10-30 nm diameter CNTs were 119.5 and 138.7 h, while the halflives of the 80-200 nm and 240-500 nm CNTs in DOM solution were <33 h (Table 1) .
Effect of NOM Structure
The fraction of CNTs suspended in solution at 5 h show more CNTs in Black River NOM solution as compared to Suwannee River NOM solution (Table 1) . However, this trend disappears as the experiment approaches 68 h (Table 1) .
Discussion
Interactions of CNTs with NOM
The SEM image of CNTs associated with particles of organic material in the dried sample (Fig. 1) confirms the presence of suspended CNTs in solution after 68 h and suggests that there is a close association with organic matter. Since samples are prepared in a dried format it is not clear if POM or DOM is the dominant interaction. These results can be contrasted with recent findings by Hyung and Kim (2008) who observed the presence of small (∼20 nm) bubble-like structures around CNTs due to the sublimation of NOM associated with the CNTs during the initial stages of transmission electron microscopy. The work presented here suggests that the CNTs may be adsorbed to the NOM particles as opposed to NOM adsorbing to the CNTs. The results from the settling experiments show that the NOM-containing solutions have lower rates of settling for all sizes of CNT as compared with the 1% SDS solution. These results are consistent with the recent work of Hyung et al. (2007) who observed that CNTs are readily dispersed in Suwannee River NOM and stay suspended longer compared to 1% SDS. In addition to the environmental implications of increased CNTs dispersal in freshwaters, the work presented here suggests that water treatment processes resulting in lower DOM concentrations will allow for faster settling of CNTs in wastewater (particularly the smallest diameter CNTs).
New treatments for CNTs may increase their potential for suspension and dispersion in aquatic ecosystems. Recent research by Kim et al. (2008) suggests that the suspension of CNTs in solution may Curve fits are for exponential decay in the form y=500e −kt (see Table 1 for k values and r Curve fits are for exponential decay in the form y=500e −kt (see Table 1 for k values and r 2 ) be enhanced by pre-treatment with a mixture of nitric and sulphuric acid which results in the formation of cyano (C-N) functional groups on the CNT surface. Since increased functional groups would reduce the potential for interaction with aromatic structures in dissolved organic matter it is not clear why increased suspension was observed by Kim et al. (2008) . The production of new types of surface functionalized CNTs should therefore be studied for suspension in detail as this is an area which requires clarification.
Effect of CNT Diameter
Since CNTs are long fiber-like structures as opposed to spherical objects it is not possible to determine a meaningful spherical radius value, thus any settling velocities modeled from Stokes Law would have very high error for CNTs. However, this method may be useful in future work to estimate settling of spherical nanoparticles. As such, direct measurements of CNT settling rates are required.
The results from the settling experiments show that smaller diameter CNTs are preferentially suspended in NOM solutions and therefore likely more available for transport and dispersion in aquatic ecosystems. This is particularly important since recent work has suggested that CNT toxicity may also be related to size. Templeton et al. (2006) found that there was a significant reduction in the life cycle molting and increased mortality of the estuarine copepod Amiphiascus tenuiremis when exposed to the fluorescent fraction of single-walled CNTs. This suggests increased toxicity from the exposure of copepods to smaller size fractions of CNTs. As such, accurate models of the dispersion of small diameter CNTs in aqueous ecosystems will be particularly important for aquatic risk assessments.
It is also worth noting that the results between 1% SDS solutions and the natural NOM-containing solution are quite different. These results suggest that commonly used surfactants such as SDS may not be effective in stabilizing the suspension of carbon nanotubes. Therefore, it is critical that future analyses of CNT properties be performed in natural waters.
Effect of NOM Structure
Assuming that CNTs do not carry an ionic charge but do have diffuse electrostatic charges, similar to large carbon molecules, they would be attracted to the aromatic and hydrophobic potions of DOM macromolecules. Since DOM has both hydrophobic and hydrophilic areas, this association may result in increased solubility and suspension of the CNTs. Hyung and Kim (2008) observed that CNT adsorption was proportional to the aromatic content of the NOM. The authors also observed increased adsorption with decreasing pH and with increasing ionic strength, likely due to reduced numbers of charged functional groups on the dissolved organic matter and the increased availability of hydrophobic areas for CNT adsorption. We hypothesize that BR NOM is larger in molecular weight and is more aromatic in structure than SR NOM due to increased derivation of the organic material from terrestrial carbon sources. Scanning UV-VIS absorbance readings of the BR NOM and SR NOM blanks found BR NOM to have increased absorbance relative to SR NOM in wavebands commonly attributed to aromaticity (O'Driscoll et al. 2006) , this finding suggests that the BR NOM may be more aromatic in nature. Assuming this is the case, then we would expect increased dispersion of CNTs in BR NOM, as we observed.
Conclusion
This research confirms the work of Hyung et al. (2007) and Hyung and Kim (2008) which identified that the presence of NOM is critical to increased suspension of CNTs. However, the results from this research further goes on to quantify the suspension half-life of a range of CNT sizes in freshwater solutions. We found that smaller diameter CNTs stay suspended in solutions of NOM much longer (75% suspended after 68 h) than do larger diameter CNTs. This is in contrast to settling experiments in 1% SDS where a large proportion (>95%) of all CNTs settle from solution within 24 h. This finding is significant as it demonstrates that smaller diameter CNTs will have greater potential for dispersion in natural waters and therefore aquatic organisms will have a higher potential for exposure and toxic effects from smaller diameter CNTs. The suspension half-life values provided here are critical to accurate risk assessment and exposure modeling of CNTs and will have significant implications for optimizing CNT removal from wastewaters.
